Avian influenza viruses belong to the genus influenza A virus of the family Orthomyxoviridae. The influenza virus consists of eight segmented minus stranded RNA that encode 11 known proteins. Among the 11 viral proteins, NS1 (non-structural protein１, encoded on segment 8) has been implicated in the regulation of several important intra-cellular functions.
1.Introduction
In recent years, pandemic influenza of H1N1 avian influenza viruses have emerged and now appear to spread in many regions throughout the world. Avian influenza viruses belong to the genus influenza A virus of the family Orthomyxoviridae. Based on the antigenic specificity, influenza A viruses are divided into 16 HA and nine neuramidase (NA) subtypes. The influenza virus consists of eight segmented minus stranded RNA that encode 11 known proteins. Among the 11 viral proteins, NS1
(non-structural protein１, encoded on segment 8) has been implicated in the regulation of several biological functions, including regulation of apoptosis suppression of host immune responses, inhibition of nuclear export of mRNA and splicing of mRNA by binding U6 small nuclear RNA(snRNA) [1] . NS1 has also been shown to bind to double-strand RNA and, as a consequence, inhibits PKR kinase activity [2] . Functional connection of influenza A virus NS1 with cellular apoptosis through NF-κB-dependent SOCS-3 in which JAK-STAT, MAPK, and PI3K cooperatively immunomodulate IFN responses has also been reported [3] .
Upon infection by the influenza A virus, varieties of intracellular signaling pathways are known to be activated. The PI3K-Akt network has recently been demonstrated to underlie clinical manifestations of various stages of viral infection, such as acute infection, latent infection, or chronic infection of the Epstein-Barr virus, the hepatitis C virus, the hepatitis B virus, the human immunodeficiency virus, and the influenza virus [4; 5] .
Serine threonine kinase Akt is activated in response to PI3K by a wide variety of growth factors, antigens, and inflammatory stimuli. Activation of PI3K produces PtdIns (3, 4, 5) P 3 (PIP 3 ), which binds to the lipid-binding module of the PH domain of Akt, and induces activation and its downstream signals to regulate a wide variety of cellular responses, including anti-apoptosis, proliferation, cell cycling, protein synthesis, glucose metabolism, and telomere activity [6] .
The binding of PIP 3 to the Akt-PH domain and subsequent translocation of Akt to the plasma membrane allow PDK1 to access and trigger phosphorylation at a threonine residue (Thr308/305) within the catalytic domain of Akt. TORC2 (mTOR-Rictor complex) has recently been shown to be major activation mechanism for the phosphorylation of Ser473 of Akt in the carboxy-terminal hydrophobic motif.
Activation of Akt promotes anti-apoptotic activity by preventing the release of cytochrome c from mitochondria and inactivating FOXO families to induce expression of proapoptotic factors such as FAS ligand.
NS1 protein of influenza A virus interacts with varieties of cellular multifunctional protein during infection [1; 7] . In this report, we investigated the physical interaction of influenza NS1 protein in the host signaling cascade, particularly the functional connection with Akt, a core intra-cellular survival regulator. The therapeutic implications of this observation are also discussed.
Material and methods

Co-immunoprecipitation experiments
Co-immunoprecipitation experiments were essentially performed as described previously [8] . In brief, 293T cells (ATCC) were co-transfected with a total of 7.5 μg of indicated plasmids per 10 cm dish. Seventy-two hours after transfection, cells were harvested, and lysed with Brij 97 lysis buffer with proteinase inhibitors (Leupeptin, and AEBSF). Lysates were precleaned with ProA/G beads (50% v/v, Amersham, [8] ) for 1 h, immunoprecipitated with anti-HA or anti-Flag antibody (or other indicated antibodies) with mouse IgG as a control, run on SDS-PAGE, and immunoblotted with indicated antibodies.
Interaction of Akt with NS1 in PR8 (H1N1) infected A549 cells
A549 cells were infected with influenza A/PR/8/34(H1N1) (PR8) at a M.O.I (multiplicity of infection) of 1. Cell lysates were prepared at 17 hours. Post-infection (p.i), and immunoprecipitated with anti-Akt antibody (Cell Signaling) or mouse IgG (control, DAKO), and subjected to immunoblot using anti-NS1 antibody (SantaCruz) to determine the interaction. 
in vitro Akt kinase assays of NS1
NS1 protein plasmid constructs were generated by PCR amplification and subcloned into the pGEX4T-2 vector (Pharmacia) or other indicated mammalian expression plasmids. In vitro kinase assays (IVK) were performed essentially using the Akt kinase assay kit (Cell Signaling) with minor modifications. Recombinant GST protein was 
Co-localization experiment using a confocal microscopy
HeLa cells (ATCC) were cultured in DMEM with 10% FCS with penicillin and streptmycin, transfected with Ds-Red-tagged NS1 (Invitrogen) and/or indicated plasmid, fixed with 3.7% formaldehyde, stained with indicated antibodies (anti-phospho-Ser473
Akt), or DAPI (4',6-diamidino-2-phenylindole, blue, Sigma), and examined using a confocal microscopy (Olympus).
Identification of Akt-induced NS1 phosphorylation site by mass spectrometry
Flag-tagged NS1 was transfected into 293T cells along with Myr-Akt, a constitutive active form of Akt, by calcium phosphate method described elsewhere. Seventy-two hours after the transfection, the cells were harvested and lysed with Brij97 lysis buffer, precleaned with ProA/ProG beads [8] , and immunoprecipitated with Flag M2 beads (Sigma). Immunoprecipitated Flag-NS1 products were subjected to resolve onto SDS-PAGE. Gel slices corresponding to NS1 protein were excised and subjected to in-gel trypsinization to examine the phosphorylation site using MS/MS analysis by LXQ (Thermo Fisher) equipped with nano-flow LC Magic (Michrom Bioresources, Inc.). The MS/MS spectra of the tryptic amino acids were assigned by Mascot search (Matrix Science). The spectra for potential phosphorylated peptide were manually examined.
Antibodies used in this study are listed in the supplementary material.
Results
Influenza virus NS1 interacted with Akt in co-immunoprecipitation assays.
The PI3K-Akt signaling network plays a central role in the regulation of intra-cellular anti-apoptotic action. In recent years, the PI3K-Akt signaling network has been shown to underlie the clinical manifestation of several stages of viral infection [4; 5] .
Since NS1 has been shown to be involved in the regulation of anti-apoptosis and Akt is known to be one of the major intra-cellular survival regulators, we first asked whether NS1 can physically interact with Akt. We performed co-immunoprecipitation assays using 293T cells transfected with HA-tagged human Akt2 and Flag-tagged NS1.
HA-tagged Akt co-immunoprecipitated with Flag-tagged NS1 in this experiment (Fig.
1A).
We next examined whether NS1 protein interacts with endogenous Akt in influenza A/PR/8/34(H1N1)(PR8) infected cells. For this purpose, A549 cells were infected with PR8 and demonstrated that endogenous Akt indeed bound to NS1 in PR8-infected cells (Fig. 1B) .
To define the interaction domains of Akt with NS1, we next performed co-immunoprecipitation assays using 293T cells transfected with HA-tagged human full length Akt2, PH domain of Akt (PH), or C-terminal domain of Akt (C-term [8] ) with Flag-tagged wild type NS1 protein. The Akt-PH-domain primarily mediated the interaction with NS1 shown by the co-immunoprecipitation assays (Fig. 1C) .
Phosphorylation is known to play an important role in the interaction of the intra-cellular molecules in various cellular environments [8] . Therefore, we next compared whether and how levels of Akt phosphorylation can affect its physical interaction with NS1 protein. Co-immunoprecipitation assays were performed using 293T cells transfected with Flag-tagged NS1 with either HA-tagged wild-type Akt or T308A/S473A(Double Mutant, DM)-Akt, in which both Thr308 and Ser473 of the critical phosphorylation residues of Akt were substituted into alanine (Fig. 1D) .
Wild-type Akt interacted more efficiently than DM-Akt with NS1. Consistent with this observation, K177M-Akt, in which ATP-binding sequences were destroyed by introducing the methionin at position 177, or R25C-Akt, which lacks the ability to bind PIP 3 failed to interact with wild-type NS1 (data not shown). Together, the results demonstrated that NS1 preferentially binds to phosphorylated Akt.
Next, we compared the interaction of the activated or inactivated form of Akt with NS1 by GST pull-down assays using activated and inactivated forms of recombinant Akt (active/unactive Akt, Upstate Biotech). NS1 interacted more efficiently with the active form of Akt but failed to interact with the inactive form of Akt in this assay (Fig.   1E ).
The interaction between Akt and NS1 is primarily mediated through the RNA-binding domain (RBD) of NS1 in this assay, shown by the more efficient interaction of the RBD domain of NS1 with the active form of Akt compared to the effector domain of NS1 (EFF) in this assay. The inactive form of Akt failed to interact with either the EFF or the RBD of NS1 in this assay.
NS1 enhanced the Akt phosphorylation in in vitro kinase assays.
We next determine whether the interaction between NS1 and Akt can functionally affect the levels of Akt phosphorylation. Therefore, we compared the Akt phosphorylation and its substrate in 293T cells transfected with either NS1 or a control vector (Sham). The levels of Akt phosphorylation at Thr308 increased in the presence of NS1. The increased Akt phosphorylation was correlated with phosphorylation of BAD and FOXO, well known substrates of Akt ( Fig. 2A) .
We performed in vitro Akt kinase assays to determine whether the NS1-Akt interaction affects the augmentation of Akt phosphorylation and its substrate. In vitro Akt kinase assays demonstrated that increasing the amount of recombinant NS1
enhanced the levels of Akt phosphorylation at Ser473, Thr308, and phospho-GSK3β, a substrate of Akt in a dose-dependent manner. The results support the notion that NS1 directly enhances the Akt activation (Fig. 2B) .
Precedent evidence suggests that dimerization plays a critical role in enhancing the phosphorylation of intra-cellular molecules [6] . Recent reports have demonstrated that the amino acid position at Trp187(W187) of NS1 protein mediates its dimerization [9] .
Therefore, we next verified the dimerization of NS1 protein on the induction of Akt phosphorylation. In in vitro kinase assays, wild-type NS1 enhanced the Akt phosphorylation more efficiently than the dimerization defective mutant NS1 (W187A, [9] ) (Fig. 2C) . The observation suggested that dimerization of NS1 plays a critical role in the induction of Akt phosphorylation.
Co-localization of phospho-Akt with NS1 by confocal microscopy
We showed that NS1 preferentially interacts with phosphorylated Akt (see Fig. 1D and E). Activated Akt is known to translocalize to the nucleus [8; 10] . Further, NS1, which harbors a pair of nuclear localizing signals, is known to be localized primarily within the nucleus [11; 12] . Confocal microscopy was used to determine the co-localization of NS1 with phosphorylated Akt. Consistent with two nuclear localizing signals present within the NS1 protein, NS1 is predominantly localized within the nucleus during the mitotic phase. Furthermore, phosphorylated Akt interacted with NS1
mainly during the interphase of the cell cycle within the nucleus. In contrast, during the mitotic phase of the cell cycle, phosphoryated Akt failed to interact with the NS1 protein (Fig. 3) .
Since the Akt-PH domain primarily mediated the interaction between Akt and NS1 (see Fig. 1C ), we next examined whether ectopic introduction of the Akt-PH domain could alter the subcellular distribution/localization of the NS1 protein. Consistently, ectopic expression of the Akt-PH domain translocalized NS1 from the nucleus to the cytosole (data not shown).
NS1 was phosphorylated at threonine residue at 215 in mass spectrometry.
Since NS1 enhanced the Akt kinase activities, we next examined whether activated Akt may affect the phosphorylation levels of NS1. We performed in vitro Akt kinase assay using recombinant wild-type NS1 protein as a substrate and found that NS1
protein enhanced the levels of its phosphorylation in a time-dependent manner detected by Ser/Thr phospho-specific antibody (Fig. 4A) . Akt activation consistently enhanced NS1 phosphorylation in 293T cells (compare Fig. 4B) . In order to define the precise Akt-induced phosphorylation site of NS1, mass spectrometric analysis was conducted.
Transient transfection of Myr-Akt, a constitutively active form of Akt, with influenza NS1 induced the phosphorylation at Thr215 of NS1 protein, but failed to phosphorylate in the absence of Myr-Akt (Fig. 4C) . However, it is important to note that since Thr215 of NS1 did not confirm the canonical Akt consensus phosphorylation site ( RXRXXS/T ), it is likely that secondary kinases accounted for the phosphorylation of Thr215 of NS1.
Discussion
In recent years, influenza of H1N1 avian influenza viruses has emerged and now appears to be present in a sufficient number of countries to be called a pandemic and a major global health concern.
The influenza virus consists of a minus strand RNA virus and harbors 8 segmented RNA that encode 11 RNAs. Among the 11 proteins encoded by the minus strand RNA of avian influenza, segment 8 encodes NS1, a 26 kDa protein that antagonizes the cellular immune response and is implicated in virulence [13] . The NS1 protein is the main IFN antagonistic factor for suppressing the initial expression of IFN-β [1; 14] Hence, the influenza virus is considered to evade both innate and adaptive immunity via the NS1 protein. Viral NS1 is shown to activates PI3K signaling pathway as one of the major downstream effectors to enhance efficient replication [5; 15] .
Consistent with the presence of a pair of nuclear localizing signals in the NS1, we
used confocal microscopy to demonstrate that the NS1 is essentially localized within the nucleus. The observation could support the previous report that the function of the nuclear NS1 preferentially blocks the nucleoplasmic transport of the colliner RNP 8 transcript in an RNA-binding-dependent manner [16] . In co-immunoprecipitation assays and GST-pull down assays, we showed that NS1 protein preferentially interacted with activated Akt. The observation is consistent with previous report that activated Akt is translocalized to the nucleus [8; 10] . Furthermore, we showed that NS1 protein is co-localized with phosphorylated Akt predominantly within the nucleus during the mitotic phase, but is diffusely distributed in the interphase of the cell cycle by confocal microscopy. The nuclear function of Akt activation includes the regulation of the cell cycle progression through stabilization of cyclin D and inhibition of the p27 Kip1 protein via phosphorylation of 4E-BP1 and its dissociation from the mRNA cap-binding protein, eIF4E [6] . The physiological nature of the co-localization of NS1 with Akt during the interphase of the cell cycle remains to be determined, however, ectopic introduction of NS1, which enhances the accumulation of the S phase of the cell cycles, may account for this observation.
Using mass spectrometry, in the presence of Myr-Akt, a constitutively active form of Akt, we determined that Thr215 of NS1 was the primary phosphorylation site. Since
Thr215 of NS1 ( SSNENGRPPLTPK ) did not conserve canonical phosphorylation motifs for Akt ( RXRXXS/T ), the phosphorylation at Thr215 of NS1 is likely to be mediated through secondary kinases mediated through Akt, such as P-ERK or cdk, for the induction of phosphorylation [17] . Consistent with the previous report that Myr-Akt induces activation of ERK and/or cdk [18; 19] , it is likely that Thr215 phosphorylation is induced by indirect effect of these kinases mediated through the activation of Akt.
Although the precise molecular mechanisms as to how NS1 induces PI3K activation remain to be determined, NS1 has been shown to form a complex with p85β subunit of PI3K to activate downstream signals [5; 15] . SH3-binding motif 1 in the influenza A virus NS1 protein is shown to be essential for the activation of the PI3K/Akt signaling pathway. Functionally, NS1 enhances intra-cellular signals to mediate anti-apoptotic responses and activate the signaling pathway to ensure efficient virus replication [20] . It is plausible that activation of PI3K/Akt pathway is beneficial for virus replication because it inhibits virus-induced apoptosis through phosphorlylation of caspase-9 [21] .
We cannot completely rule out the possibility that Akt kinase activity is activated via PI3K, however, dose-dependent escalation of Akt kinase activities observed in in vitro Akt kinase assays together supported that NS1 could directly target and interact with Akt and hence, enhances Akt kinase activity.
The current work will help to provide further understanding of the role of NS1 in human influenza infection for the development of new antiviral drugs by modulating the NS1-Akt functional interaction against the influenza virus infection. C. NS1 protein is known to form a dimer via amino acid at W187 of NS1 [9] . In order to examine the effect of dimerization of NS1 on the augmentation of Akt phosphorylation, we compared the levels of phosphorylation of Akt and its substrate in in vitro kinase assays. Wild type Akt enhanced the Akt phosphorylation more efficiently than W187A-NS1 in in vitro kinase assay, suggesting that dimerization of NS1 plays an important role in Akt phosphorylation. 
